Abstract-The microstructural and magnetic properties of the carbon-doped equiatmoic (Fe 50 Pt 50 ) 1 C thin films, prepared by dc magnetron cosputtering on MgO (100) substrates held at 400 C, were investigated. Particles consisting of the highly anisotropic tetragonal L1 0 FePt phase and embedded in a C matrix were obtained. By controlling the added C content, the samples with average grain size of 5 nm were obtained with perpendicular coercivity of about 5 kOe. The remanence ratio kept high values of about 1 when 25 vol%, and it decreased abruptly as 25 vol%. The room temperature magnetic measurements suggest that the perpendicular magnetic anisotropy exists for these films with C concentration up to 25 vol%. The obtained results suggest that this system might be applicable to ultrahigh-density magnetic recording media.
I. INTRODUCTION
E QUIATOMIC FePt and CoPt alloy thin films have received considerable attention as possible magnetooptic recording media, bias magnets in monolithic microwave integrated circuits, magnetic bias films of magnetoresistive elements, and magnetic tips for magnetic force microscopy because of their high magnetic anisotropy energy, high coercivity, and good corrosion resistance [1] - [3] . The high coercivity in those thin films is due to the presence of finely dispersed ordered FePt phase mixed with disordered FePt phase [4] . However, a high temperature treatment, either substrate heating during deposition or postannealing, is needed to obtain the ordered L1 phase with high value of magnetocrystalline anisotropy. Recent microstructural studies [5] , [6] on these films suggest that the average grain size ranges from 10-50 nm and the grains are magnetically coupled between each other. On the other hand, the ultrahigh-density magnetic recording media with low media noise imposes the need of a material, which consists of magnetically isolated grains with size below 10 nm [7] . The magnetic grains were isolated in thin films basically either by physical separation or by chemical separation. In the case of the chemical separation method, various nonmagnetic matrixes (SiO [8] , Si N [9] , BN [10] , W [11] , etc) were used in the recent studies. The magnetic grain isolation can be controlled by the amount of additional nonmagnetic element in the system, which determines the interparticle separation and, therefore, the interparticle interactions. So, in this work we present a simplification process, direct synthesis of -axis oriented ordered Fe Pt C by cosputtering both C and Fe with Pt chips. We have investigated the effect of carbon volume fraction on the magnetic properties and microstructures of equiatomic FePt samples prepared at 400 C substrate temperature.
II. EXPERIMENTAL PROCEDURE
Thin-film samples of Fe Pt C ( , represents the volume fraction) were fabricated directly on MgO (100) substrates using dc magnetron cosputtering with a base pressure of better than 8 10 torr and the sputtering Ar gas pressure of 5 mtorr. A composite FePt target was made by putting some Pt (99.99% purity) chips on the Fe (99.99% purity) target. The volume fraction of the C content was varied up to 50 vol%. The crystal structure of the films was characterized by Rigaku X-ray diffractometer (XRD). The microstructure of the films was investigated by transmission electron microscopy (TEM). Room-temperature magnetic characterizations were carried out by a vibrating sample magnetometer (VSM) with an applied field of up to 20 kOe and a torque magnetometer with an applied field of 10 kOe.
III. RESULTS AND DISCUSSION
We have optimized the substrate temperature for FePt alloy thin films to have desirable magnetic and structure properties such as the remanence ratio of almost 100% at room temperature, perpendicular magnetic coercivity of 5 kOe, and the average grain size of 15-50 nm. Hence, this sample has been taken for further investigations on controlling the grain growth kinetics and L1 ordering in FePt films by doping various amount of C. Fig. 1 shows the XRD pattern of Fe Pt C films prepared at 400 C substrate temperature with various amount of C doping. In addition to the fundamental peaks, the superlattice peaks of the face-centered tetragonal (fct) phase have clearly been observed. No peaks from the other planes of L ordered structure are seen. It is clear from the figure that the intensity of the L superlattice peaks is predominant initially, then reduced with increasing C, indicating the reduction in the degree of chemical ordering. Subsequently, the ratio of the disordered and ordered FePt (200)/(002) peaks increases with increasing C addition and they merge into a single peak for 50% C doping. This phenomenon suggests clearly that the amount of ordered and disordered phase in FePt alloy can be controlled adequately by C doping. The average grain size is calculated by Scherrer's formula for different amount of C doping. It is found that the grain size decreases from 40 nm for the pure FePt alloy to a 0018-9464/03$17.00 © 2003 IEEE Fig. 1 . XRD patterns of (Fe Pt )
C films prepared at 400 C substrate temperature with various amount of C doping. Fig. 2 . TEMs of (FePt) C system prepared at 400 C substrate temperature with (a) 0% C doping and (b) 25% C doping and their grain size distributions.
minimum value of about 3 nm for 50% C doped films. The order parameter was calculated from the intensity of the superlattice peaks versus the fundamental peak [12] and found to decrease with increasing C. Moreover, the amount of disordered phase increases with increasing C doping is also substantiated from the intensity ratio of order to disorder FePt (002)/(200) peaks in Fig. 1 . On the other hand, there might be a grain size dependence on the ordering process of FePt particles [13] , [14] , i.e., with increasing C content, the particle size decreases and thus the ordering also decreases, showing lower intensity of fct FePt peaks. Fig. 2 shows the TEM microstructure of the pure FePt and Fe Pt C films prepared at 400 C substrate temperature with various amount of C doping and their grain size distributions. The particle size found in the FePt film with no C content is relatively large (15 to 30 nm) in size and decreases noticeably with increasing C content. Addition of C content in FePt thin film hinders the grain growth [10] , [12] and the regular arrangements and isolation of FePt particles (Fig. 2) take place due to agglomeration at grain boundaries when the C content is more. The mean particle size for the film with 25% C doping, obtained from TEM microstructure and calculated from the corresponding histogram, is 5 nm and in the case of 50% C doping, the particle size is further reduced to 4 nm.
The room-temperature magnetic properties of the samples were characterized by VSM and torque magnetometer and depicted in Fig. 3 . A simple analytical method [15] was used to determine the easy axis and the magnetic anisotropy energy from the measured torque curves. The determined easy axis is close to 90 and the determined value of magnetic anisotropy energy decreases from 2.82 10 ergs/cm for the FePt film with no C content to 1.04 10 ergs/cm for 75% FePt in the FePt : C sample (Table I ). The magnetic hysteresis loop is measured with the maximum field of 20 kOe applied normal to the film plane. Fig. 4 shows the values of coercivity and remanence ratio for various C-doped FePt samples. The coercivity increases up to vol% and then decreases drastically with increasing C content. Moreover, the saturation magnetization also decreases with increasing C (Table I) . However, it is worth noting that the exact value of saturation magnetization and coercivity could not be obtained, since the applied magnetic field is not enough to saturate the samples with C content 10% and 20%. It is well known that the value of remanence ratio equals to 0.5 for an assembly of Stoner-Wohlfarth particles. As shown in Fig. 4 , the value of remanence ratios of the films are higher than 0.5. The high remanence ratio is a useful characteristic for high-density magnetic recording to provide large enough readback signals and to achieve sharp transitions and satisfactory overwrite ratio.
The variation of coercivity with C doping can be understood as follows: the coercivity of the film is not only affected directly by the ordered volume fraction, but also by the microstructural factor [16] . Defects such as grain boundaries and phase boundaries can form pinning sites in magnetic materials that obviously The exact value of saturation magnetization could not be obtained, since the applied magnetic field is not enough to saturate the samples with C content 10% and 20%. Fig. 4 . Dependence of coercivity and remanence ratio of the FePt-C films prepared at 400 C substrate temperature on the concentration of carbon.
leads to a high coercivity. The initial increment in coercivity for a small amount of C doping is understood by a diminution in the growth of the particle size and hence provides more pinning density for the magnetic domain walls, whereas higher C doping decreases the magnetocrystalline anisotropy energy resulting from incomplete chemical ordering from fcc FePt phase to fct FePt phase. On the other hand, the increase of coercivity can also be understood from the magnetization reversal process that changes from domain wall motion to coherent rotation with increasing carbon content. The thermal stability factor, i.e., ratio of stored magnetic energy to thermal energy for the sample with 25 vol% C, is found to be close to the value of 50 [17] , required for the ultrahigh-density magnetic media purposes.
IV. CONCLUSION
The FePt : C nanocomposite thin films with perpendicular magnetic anisotropy have fine grains of about 5 nm, adjustable coercivity, and an L ordering phase with lower C doping, suggesting that this system might be applicable to ultrahigh-density magnetic recording media.
